enables a variety of quantitative assays, including frequency estimates of rare alleles from a population of cells and expression profiling using RNA-Seq. A critical technical issue associated with sequencing library preparation protocols for quantitative analyses is minimizing PCR duplicates originating from library amplification prior to cluster generation (1) (2) (3) . PCR duplicates represent redundant information that can inflate perceived read depth of specific genome or transcriptome sequences and, therefore, introduce biases in detecting minor frequency alleles in heterogeneous populations (4) or result in over-estimation of fragments derived from specific mRNAs.
In practice, PCR duplicates are removed using bioinformatics tools that detect duplicates based on sequence identity and alignment information; however, one cannot know the rate of false-positive or false-negative duplicate detection using this approach because there is no independent means of assessing whether an identical sequence read is the result of PCR amplification or reflects an independently generated molecule that is identical by chance. To identify unique molecules in complex mixtures, stochastic labeling of DNA molecules with unique labels was introduced (5, 6) . Labeling biomolecules with random sequences has been adopted for NGS applications through the use of unique molecular identifiers (UMIs) (7) (8) (9) (10) (11) . Identifying unique molecules using UMIs is essential for single-cell RNA-Seq protocols that rely on amplification from small amounts of starting material (12) . Studies have shown that the use of UMIs improves the accuracy of NGS assays, and various protocols incorporating UMIs have been developed using modifications of the SMART protocol (7), amplicon library preparation (4), and tagmentation (13) . However, no method for counting unique molecules currently exists that is compatible with TruSeq library workflowsthe most commonly employed method for constructing Illumina sequencing libraries.
We developed a novel, cost-effective sequencing adapter design that enables identification of true PCR duplicates while maintaining the ability to perform sample multiplexing through modification of the widely used single-index TruSeq adapter. We moved the multiplexing sample index to the 5´ end of the adapter proximate to the ligation site of the DNA insert and placed a 6-bp UMI, generated by random incorporation of bases during oligonucleotide synthesis, at the position that typically contains the sample index ( Figure 1A) . Whereas uniquely formed molecules may contain identical insert sequences or identical UMIs, the chance of both occurring is exceedingly rare; therefore, reads with both identical mapping coordinates and identical UMI sequences are defined as true PCR duplicates ( Figure 1B ).
Quantitative analysis of next-generation sequencing (NGS) data requires discriminating duplicate reads generated by PCR from identical molecules that are of unique origin. Typically, PCR duplicates are identified as sequence reads that align to the same genomic coordinates using referencebased alignment. However, identical molecules can be independently generated during library preparation. Misidentification of these molecules as PCR duplicates can introduce unforeseen biases during analyses. Here, we developed a cost-effective sequencing adapter design by modifying Illumina TruSeq adapters to incorporate a unique molecular identifier (UMI) while maintaining the capacity to undertake multiplexed, singleindex sequencing. Incorporation of UMIs into TruSeq adapters (TrUMIseq adapters) enables identification of bona fide PCR duplicates as identically mapped reads with identical UMIs. Using TrUMIseq adapters, we show that accurate removal of PCR duplicates results in improved accuracy of both allele frequency (AF) estimation in heterogeneous populations using DNA sequencing and gene expression quantification using RNA-Seq.
Benchmarks

METHOD SUMMARY
TrUMIseq adapters incorporate unique molecular identifiers (UMIs) in TruSeq adapters while maintaining the capacity to multiplex sequencing libraries using existing single-index workflows. The use of UMIs increases the accuracy of quantitative sequencing assays, including allele frequency (AF) estimation and RNA-Seq, by enabling accurate detection of PCR duplicates.
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The new Applied Biosystems Our design enables straightforward incorporation into existing single-index TruSeq workflows, and sequencing adapters can easily be prepared using oligonucleotide synthesis and annealing. Alternative designs based on TruSeq adapters either preclude duplex formation by annealing or require additional sequencing cycles or custom sequencing steps that make them incompatible with existing single-index TruSeq workflows ( Figure 1C) .
We compared rates of PCR duplicate detection using conventional genome coordinate-based methods versus UMI-based PCR duplicate detection. Mapping information and UMIs for three different sequencing protocols using TrUMIseq adapters and samples derived from budding yeast (Saccharomyces cerevisiae) were determined: (i) allele frequency (AF) estimation from whole-genome DNA sequencing (DNA-Seq); (ii) AF estimation from targeted sequencing of amplicons (AMP-Seq); and (iii) strandspecific RNA-Seq. The PCR duplicate rate is proportional to the number of PCR cycles used during library preparation and differs depending on the method of detection ( Figure  2A ). When considering only mapping information, the duplicate rate ranges 20%-40% for libraries prepared using <10 PCR cycles and up to 90% for libraries amplified using 15 cycles. By contrast, when incorporating UMI information to identify bona fide PCR duplicates, the duplication rate decreases to <10% for libraries constructed using <10 PCR cycles. Thus, up to 20% more unique sequencing reads can be recovered using TrUMIseq adapters that would otherwise be incorrectly discarded without the use of UMIs.
We found that each sequencing protocol differs in the estimated PCR duplicate rate. AMP-Seq and RNA-Seq data have very different estimated duplication rates using the two deduplication methods (represented as triangular or circular data points in Figure 2A) . Interestingly, our DNA-Seq data showed very low rates of PCR duplicates, <5%, regardless of the duplication detection method (rectangular data points in Figure 2A ). This is likely due to two factors: (i) libraries obtained from whole genomes are more complex than libraries prepared from genome subsets (i.e., the transcriptome or targeted loci), and (ii) a larger quantity of starting material was used in our DNA-Seq library preparations.
Quantitative sequencing enables both detection and estimation of AFs of variants in heterogeneous samples, such as human tumors or microbial populations. We investigated the impact of a reduced rate of falsepositive PCR duplicate detection when quantifying rare AFs in genome sequencing data from heterogeneous populations of yeast cells evolving under selection. We compared differences in AF estimates of SNPs identified in DNA-Seq and AMP-Seq libraries following removal of PCR duplicates ( Figure 2B ). The majority of SNPs show <1% difference in their AF estimation using any deduplication method. However, the difference in estimated AF increases to up to 4% as read depth decreases for both types of The effect of the number of PCR cycles on estimates of differential expression (DE) levels for all mRNAs using directional RNA-Seq. In each experiment, 2 biological replicates were prepared using either 10 cycles (Experiment 1) or 15 cycles (Experiment 2) of PCR. The fold change in Experiments 1 and 2 compared with 3 biological replicates of a reference sample generated using 10 PCR cycles was determined. The y-axis is the log 2 -transformed ratio between the fold change determined using UMI-and coordinate-based deduplication and either no deduplication (upper panel) or coordinate-only deduplication (lower panel).
A B C BENCHMARKS samples, demonstrating that correctly identifying PCR duplicates is critical for quantifying minor frequency alleles from sequencing data. AFs in heterogeneous populations are typically estimated from sequencing data with genome coverage ranging 50-fold to 300-fold. Therefore, it is notable that we find that accurate deduplication has the greatest impact on the accuracy of AF estimation at sequence read depths <500-fold. Next, we tested the impact of the deduplication approaches on RNA-Seq quantification of gene expression. In general, deduplication of RNA-Seq data using UMIs improves the accuracy of estimation of differential gene expression, although this improvement is modest, which is consistent with previous reports (14) . Importantly, we find that deduplication based on UMIs and mapping information improves differential expression analysis when applied to data generated using a higher number of PCR cycles ( Figure 2C ). Shorter transcripts appear to be most susceptible to misidentification of PCR duplicates (Supplementary Figure S1) . Thus, the use of UMIs for deduplication of RNA-Seq data is of particular importance when making libraries from small amounts of starting material.
One potential technical issue associated with TrUMIseq adapters is that the presence of the sample index at the beginning of Read 1 results in low nucleotide diversity across a flow cell in the first 7 nucleotides of all reads. However, we have found that multiplexing libraries with different sample indices (Supplementary Table S1 ) in a single sequencing lane mitigates reduction of data quality associated with low base complexity using different Illumina sequencing platforms and a variety of quantities of PhiX spike-in (Supplementary Table S2 ). We analyzed the frequency of homopolymeric sequences in UMIs from deduplicated data generated on a NextSeq instrument (Illumina) and found an aberrantly high abundance of the GGGGGG UMI (Supplementary Table S3 ). The occurrence of poly-G sequences with high-quality base calls is a known problem with Illumina two-color chemistry, as G is detected on the basis of an absence of signal in both channels. UMIs that occur at frequencies much greater than expected should be excluded from downstream analyses. TrUMIseq adapters do not enable distinction of the two complementary strands that originate from a single DNA fragment in DNA-Seq or AMP-Seq (Step III in Figure 1A) . However, the use of a strandspecific RNA-Seq protocol, as in our study, means that only a single UMI is associated with each cDNA molecule.
Our results illustrate the utility of TrUMIseq adapters for distinguishing true PCR duplicates from randomly generated identical molecules. The procedure for library preparation and sequencing using TrUMIseq adapters uses existing single-index TruSeq protocols and primers and, therefore, is readily implemented with or alongside existing TruSeq-based workflows. TrUMIseq adapters are highly cost-effective, as oligonucleotide synthesis and purification costs ~$150. A simple annealing reaction can be used to make a stock of 20 mM adapter, which allows construction of hundreds to thousands of libraries. RNAzol RT * ®
